Three measures of left ventricular (LV) performance derived from pressure (P)-volume (V) loops have been proposed: the end-systolic P-V (PES-VES) relation, the stroke workend-diastolic V (SW-VED) relation, and maximum dP/dt-VED (dP/dtmax-VED) relation. We evaluated the variability of repeated determinations, and inotropic and load sensitivity of these relations in conscious dogs. LVV was determined from three orthogonal LV diameters measured by sonomicrometry. Three to six sets of variably loaded P-V loops were generated by transient caval occlusions before and again after increasing inotropic state by infusing dobutamine (6±1 ug/kg/min, mean+SD) and after increasing PEs by 49±17 mm Hg with phenylephrine following autonomic blockade. The slope (Msw) of the SW-VED relation was the least variable at constant inotropic state (coefficient of variation, 4±N3%) compared with the slope (EES) of the PES-VEs relation (8+±3%) or the slope (dE/dtmax) of the dP/dtmax-VED relation (11±6%, p<O.05). The extrapolated volume-axis intercept of the SW-VED relation was much less variable than the intercepts of the PES-VES or dP/dtmax-VED relations. MSw, EES, and dE/dtmax all increased (p<0.05) in response to dobutamine. The extrapolated volume-axis intercepts of the PES-VEs and dP/dtmax-VED relations increased with dobutamine, whereas the volume intercept of the SW-VED relation was unchanged. MSW had the smallest increase in response to dobutamine (124 ±22% of control) compared to EES (178±67% of control) and dE/dtmax (211±68% of control, p <0.05). The position of the PES-VEs relation, quantified as the VEs at PES=100 (V100), showed less variability (2±+11%) than the slope of the PES-VEs relation (8±3%O, p<O.OS). V100 decreased from 30.8±17.4 to 26.7+13.7 ml during dobutamine (p<0.05). After phenylephrine, EES, Msw, and dE/dtmax decreased by less than 10% (p=NS). The PES-VES relation shifted to the left with this increased afterload and Vloo decreased by 3.2+1.5 ml (p<0.05), whereas the position of the SW-VED and dP/dtmax-VED relations were relatively unchanged. We conclude that the SW-VED relation that integrates data from the entire cardiac cycle is the most stable but also the least sensitive to changes in inotropic state, whereas the dP/dtmax-VED relation is the most sensitive but also most variable measure of the contractile state. In contrast to the PES-VEs and dP/dtmax-VED relations, the volume-axis intercept of the SW-VED relation can be reproducibly determined in conscious animals and is not altered by enhanced contractile state. (Circulation 1989;80:1378-1387 
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Altered Contractile State
The effect of the increased contractile state was assessed in 11 dogs. Sufficient atropine (0-2 mg i.v.) was administered to abolish the marked sinus arrhythmia frequently present in conscious dogs. Steady-state data were collected, then three to six sets of variably loaded P-V loops were generated by transient caval occlusion. Dobutamine was infused at a rate (6+1 ,ug/kg/min) sufficient to increase dP/dtm,x by more than 500 mm Hg/sec. After repeating the steady-state recordings, three to six sets of variably loaded P-V loops were generated.
Effect ofAltered Load
The effect of increased arterial load was assessed in nine dogs. Autonomic blockade was produced with hexamethonium, 5 mg/kg i.v., and atropine, 0.1 mg/kg i.v., to Figure 1 , and the resulting set of variably loaded P-V loops is shown in Figure 2A .The PES-VES, dP/dtmai-VED, and SW-VED relations from this and two additional caval occlusions are shown in Figures 2B-2D Increased afterload tended to decrease the slope of all three relations, although none of these changes reached statistical significance (Table 4 and Figure   4 ). The positions of the dP/dtmax-VED and SW-VED relations were not altered by increased afterload (V2,000,dP/dt and V2,000,SW were similar). However, V1oo SW-VED relation does not move as much as the PES-VES relation in response to dobutamine. In contrast to the VED-SW relation, which integrates data obtained throughout the cardiac cycle, the dP/dtma-VED relation is derived from the period of isovolumetric contraction, when the LV is undergoing a rapid transition from a passive diastolic to an active systolic state. In addition, differentiation increases the magnitude of any noise in the LV pressure signal. Although at steady state, dP/dtmax does not significantly vary more from beat to beat than SW, it appears that dP/dtma. may be subject to greater potential beat-to-beat variation following caval occlusion. Furthermore, because the range of dP/dtm,x produced following caval occlusions is less than the range of SW, the dP/dtm"-VED relation cannot be as accurately defined as the SW-VED relation. Although the dP/dtmax-VED relation was well approximated by a straight line, it is somewhat concave toward the volume axis. Thus, linear approximations of this relation over different ranges may also produce variations in the calculated slope. These factors are reflected in our observation that the slope of the dP/dtmx-VED relation is subject to almost an 11% variation between repeated determinations. This variability is somewhat counterbalanced by the increased slope sensitivity of the dP/dtmax-VED relation to an altered contractile state.
It should be recognized that inotropic interventions such as digitalis that increase EES without changing the speed of LV contraction may not increase the slope of the dP/dtmax-VED relation more than EES.17
The PES-VES relation uses data obtained at a single time in the cardiac cycle, end systole, when the state of the LV is not rapidly changing.3-5 Furthermore, at end systole, the potentially varying effects of the time course of ejection and contraction may tend to cancel.3,7,22 Thus, it is not surprising that the stability of repeat determinations of the PES-VES relation is intermediate between the SW-VED and dP/dtmax-VED relations. Our observation of an 8% variation in repeated determinations of EES is similar to that reported by Lee et a130 in conscious dogs. In contrast to observations by Crottogini et al,9 we found that EES responds to alterations in the contractile state.
The variability of repeated determinations of the three relations should be considered when interpreting changes resulting from an intervention. Although small changes (especially of the dP/dtmax-VED relation) may well be due to spontaneous variability, averaging repeated determinations, as used in this study, provides a method of improving the precision with which the parameters are defined. More- over, the position of the relations, in the middle of the range from which the data are collected,8 shows less variation than the slopes, and is less dependent on the choice of the model (linear or quadratic) used to fit the data. In this study, we quantified these positions by determining the VEs associated with PES of 100 mm Hg, the VED associated with SW of 2,000 mm Hg, and dP/dtmax of 2,000 mm Hg/sec. All three parameters decrease in response to the augmented contractile state, as the relations are shifted toward the left. The accuracy with which the position of the relations in the physiologic range can be determined and the consistent shift of the relations with inotropic stimulation make the positions of these relations ideal measures of pump function. Thus, it is important to assess the positions of the relations and not just the slopes. 5 We also investigated the response of these relations to a marked increase in afterload (i. Modeling the LV as a time-varying elastance suggests that the volume intercepts of the PES-VES and dP/dtmax-VED relations should be equal. 2"17,27 Furthermore, the volume intercept of the SW-VED relation should occur at the intersection of the PES-VES and end-diastolic P-V relations. In isolated hearts where it can be directly measured, this intersection occurs at a volume slightly less than the volume intercept of the PES-VES relation.34 As predicted, we found that the volume intercept of the PES-VES and dP/dtmax-VED relations were approximately equal. However, there is much scatter in our data, probably resulting from the large degree of extrapolation required to determine these values in conscious animals. In contrast to the theoretical prediction, we found that the volume intercept of the SW-VED relation was consistently greater than the other volume intercepts. Although relatively linear in the range from which data is collected following a caval occlusion, the PES-VES relation, when assessed over a wide range, is concave downward.10 "126 Even in the range of data points generated by caval occlusions, we observed slight but consistent curvilinearity of both the PES-VES and dP/dtmax-VED relations. If quadratic fits are used instead of linear approximations, the extrapolated values for the volume intercept of the PES-VES and dP/dtmax-VBD relations would be larger.26 These values would be closer to the volume-axis intercept of the SW-VED relation, which is obtained with much less extrapolation. Thus, the difference in the volume-axis intercepts may be due to linear extrapolation of curvilinear PES-VES and dP/dtmax-VED relations. The underlying curvilinearity of the PES-VES and dP/dtm.-VED relations may also produce variation of the slope of linear approximations of these relations, if they are assessed over different ranges.
We evaluated the relations derived from variably loaded P-V loops in conscious animals. The occlusions, the positions of these three relations in the physiologic range respond consistently to inotropic stimulation and can be determined more reproducibly than their slopes. Therefore, it is important to assess the positions of the relations and not merely their slopes. Because arterial vasoconstriction shifts the PES-VES relation toward the left, the position of this relation should not be used in situations in which arterial properties are markedly altered. Because the PESVESV, dP/dtm.ax-VED, and SW-VED relations have somewhat different characteristics, in many situations they can provide complementary means of evaluating LV performance from variably loaded P-V loops.
